The differentiation of macrophages from monocytes is a tightly controlled and complex biological process. Although numerous studies have been conducted using biochemical approaches or global gene/protein profiling, the mechanisms of the early stages of differentiation remain unclear. Here we used SILAC-based quantitative proteomics approach to perform temporal phosphoproteome profiling of early macrophage differentiation. We identified a large set of phosphoproteins and grouped them as PMA-regulated and nonregulated phosphoproteins in the early stages of differentiation. Further analysis of the PMAregulated phosphoproteins revealed that transcriptional suppression, cytoskeletal reorganization and cell adhesion were among the most significantly activated pathways.
Introduction
Monocytes originate from bone marrow and are subsequently released into the blood stream, where they play essential roles in protecting the host from invading pathogens and priming the development of the adaptive immune response. These are short-lived cells routinely undergoing spontaneous apoptosis [1] . A variety of stimuli, including macrophage colony-stimulating factor [2] , retinoic acid, vitamin D [3] , cytokines [4, 5] or pathogens [6, 7] , can prompt monocytes to migrate into tissues and differentiate into resident macrophages, which have longer life spans and provide sustained host protection. However, the undesirable accumulation of immunosuppressive macrophages may be harmful; they can aggravate chronic inflammatory diseases, such as atherosclerosis [8] , arthritis and multiple sclerosis [9] , and promote tumor growth [10] . Thus, gaining a better understanding of the mechanisms underlying monocyte differentiation could provide valuable insights into tissue homeostasis and might help define new therapeutic targets for the prevention/therapy of chronic inflammatory diseases and tumor progression.
Monocytes and macrophages have distinct morphologies and cellular components [11] , with latter expressing certain cell surface molecules, such as CD14 and members of CD11 families [12, 13] , at higher level. Monocytes and macrophages also differ in their transcriptional programs, with differential expression seen in several pathways [14, 15] . To understand how the various signaling pathways are regulated to control the differentiation of monocytes to macrophages, some researchers have performed temporal gene expression profiling [16, 17] . Transcription factors (TFs) and microRNAs (miRs) are generally important for maintaining specific transcriptional programs. Many TFs have been identified as being critical for the differentiation of monocytes to macrophages [11, [18] [19] [20] , and a transcriptional control network of the differentiation was recently constructed [21] . Similarly, a large number of miRs have been found to mediate the differentiation of macrophages. Most of the www.proteomics-journal.com
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identified miRs are downregulated [22] [23] [24] to promote macrophage differentiation, although the upregulation of some miRs has also been associated with this process [25] .
Furthermore, the interplay between miRs and TFs has been shown to be important [26] .
Compared to the above-described genomics studies, relatively few proteomic studies have been performed to assess monocyte-to-macrophage differentiation. However, proteins tend to provide a better reflection of the cellular processes that help define a given cellular phenotype. Furthermore, chemical protein modification (e.g., site-specific phosphorylation)
can critically control gene activation/repression in both prokaryotes and eukaryotes [27] . In many cases, phosphorylation serves as an early signal, activating signaling pathways and directly mediating the expression/localization of TFs. The phosphorylation of TFs (e.g., NF-KB and the STATs) can trigger their translocation from the cytoplasm to the nucleus, thereby, selectively activating gene expression [28] . Macrophage differentiation has been reported to correlate with the increased expression and activation of members of protein kinase C, PI3K-AKT pathway, and other intracellular signaling molecules such as MAPKs, ERK1 and ERK2 [29, 30] . Nuclear translocation of phospholipases (PLC, -D, or -A2) or treatment with phosphatidylinositol-specific PLC is also sufficient to induce monocytic differentiation [31] . Blockage of these pathways can abrogate macrophage differentiation [31] . Despite the importance of protein phosphorylation, however, little is known about how the global phosphorylation status contributes to regulating differentiation, especially during the early stages of differentiation.
Here, we treated human leukemia THP-1 cells with phorbol-12-myristate-13-acetate (PMA) [32] , to generate a well defined model of the differentiation of macrophage-like cells [33, 34] .
We then monitored changes in the phosphoproteome during the early stages of differentiation (up to 1 h post-induction). Our results revealed several key phosphorylationmodulated regulators of the differentiation process and allowed us to identify various pathways associated with the early stages of myeloid differentiation. Proteomics This article is protected by copyright. All rights reserved.
Materials and Methods

Cell culture
The human leukemia THP-1 cell line has properties similar to those of human peripheral blood monocytes [32] and has been widely used as a model for the study of monocyte infection [35] and monocyte-to-macrophage differentiation [36] . Here, THP-1 cell samples (ATCC, TIB-202) were prepared using commercially available kits SILAC protein identification and quantitation kit (Invitrogen, CA, USA). Briefly, the cells were cultured in SILAC RPMI 1640 base medium (Invitrogen) supplemented with "light", or isotope- more than 6 passages, and then seeded into 10-cm culture dishes at a density of 1 × 10 6 cells/ml. After the cells were adapted to the new medium for 12 h, they were subjected to PMA treatment (three biological replicates per condition). The cells were then harvested, pelleted, and washed three times with ice-cold PBS, and lysed with SILAC cell lysis buffer (Invitrogen). All cell lysates were collected and stored at -80 o C until analysis.
Protein digestion, peptide preparation and fractionation
Each cell lysate was thawed and centrifuged at 1000 g for 10 min at 4 °C. The supernatant (containing soluble proteins) was transferred to a fresh tube and the protein content was measured using a 2D-Quant kit (GE Healthcare, UK). In one triplex SILAC experiment, we mixed approximately 1 mg protein each from the control, the 5-min treatment and the 15-min treatment; in another, we mixed 1 mg protein each from the control, the 30-min treatment and the 60-min treatment. The mixtures were reduced, alkylated and subjected to in-solution trypsin digestion according to our previously published protocol (Zhang et al., 2010). The peptides were desalted using Sep-Pak C18 cartridges (Waters, MA, USA) and dried in a SpeedVac (Thermo Scientific, MA, USA).
Phosphopeptide enrichment
Phosphopeptides were enriched using TiO2 ProteaTip Sample Prep Kit (Proteabio, Morgantown, WV, USA) according to the product manual. Briefly, the protein digests were ERLIC chromatography.
In the ERLIC fractionation, the dried peptides were reconstituted in ERLIC buffer A (10 mM sodium methylphosphonate in 70% ACN, pH 2.0). The separation was performed using a PolyLC PolyWAX LP TM column (4.6 × 200mm, 5 µm particle sizes, 300 Å pore size) on an Accela HPLC system (Thermo Scientific). The gradient was created using a combination of 
Mass spectrometry analysis
The peptides were reconstituted in 10 µL of 0.1% formic acid in H 2 O and analyzed three times using an LTQ-Orbitrap Velos (Thermo Scientific) coupled with a Proxeon EASY-nLC 
Mass spectrometry data analysis
The raw MS data from the LTQ-Orbitrap were processed using Maxquant (version 1.2.0.18) [37] , which incorporates the Andromeda peptide search engine [38] . The IPI human database (version 3.82, 92104 sequences) and 262 common contaminant sequences was combined and used for the database search. Carbamidomethylation at cysteine residues was set as a fixed modification. The variable modifications included oxidation at methionine residues; phosphorylation at serine, threonine or tyrosine residues; and N-terminal protein acetylation. The multiplicity was set to three and the maximum number of labeled amino acids was three per peptide. The enzyme limits were set at full trypsin cleavage. A maximum of two missed cleavages was allowed. A positive peptide was required to contain a minimum of six amino acids and a maximum of five modifications. The mass tolerances of the precursor ion were set to 20 ppm and 6 ppm for the first and main searches respectively.
The top 10 parent ion pairs per 100 Da were set for quantification. The mass tolerances of the fragments were 20 ppm for HCD and 0.5 Da for CID. The false discovery rates (FDRs) of Proteomics This article is protected by copyright. All rights reserved.
the peptides, sites and proteins were all set to 0.01. For protein quantification, we used peptides including unmodified peptides, phosphorylated peptides, oxidized methionines and N-terminal protein acetylation. The minimum peptides and ratio counts were set to two, and proteins were required to contain at least one razor peptide. The least modified peptides and normalized ratios were used for site quantification. The re-quantify option in MaxQuant was selected. The five-time-point profile was constructed from the two sets of three time-point experiments, in which experiment 1 included the control, 5-min and 15-min, and experiment 2 included the control, 30-min and 60-min groups. Profiles were constructed using Perseus (version 1.2.0.17 from the http://www.maxquant.org/).
SWATH-MS analysis
The cell preparation and PMA-treatment were same as in the SILAC experiments except that all cells were cultured in the presence of the "light" L-Lysine HCl and L-Arginine HCl.
Phosphopeptides were prepared as above-described for SILAC experiment but without ERLIC fractionation.
The peptides were analyzed once with an IDA-mode acquisition and three times in SWATHmode acquisition using a Triple TOF 5600 Plus System (AB SCIEX, USA) coupled with an UltiMate™ 3000 UHPLC (Thermo Scientific). For each analysis, the peptide sample was injected and concentrated in a Nano-trap column (PepMap100, 100 μm i.d., 5 μm of C18 particle size and 300 Å pore size, Thermo Scientific). The peptide separation was performed in a C18 column (Acclaim PepMap100, 75 μm I.D. X 15 cm, 3 µm particle sizes, 100 Å pore The IDA MS data were converted into mascot generic files using Protein Pilot Software v4.5
(AB Sciex) before the database search using the Mascot (version 2.3, Matrix Sciences Ltd., London, UK) against the IPI human database. The enzyme limits were set at full tryptic cleavage at both ends, and a maximum of one missed cleavage was allowed. The mass tolerances were set 50 ppm for the precursor ions and 0.2 Da for the fragment ions. Fixed modification was iodoacetylamide at cysteine, whereas variable modifications for the search include phosphorylation at serine, threonine or tyrosine, and oxidation at methionine residue.
The search results were processed by the peptide prophet algorithm [39] built in transproteomics pipeline (TPP) for validation of peptide identifications. A spectral library for the identified peptides was built using Skyline (v3.1). All SWATH data were then analyzed using
Skyline against the spectral library for peptide identification and quantitation as illustrated in Figure S1 .
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Bioinformatic analyses
The differentially expressed phosphoproteins and total identified phosphoproteins were submitted to the web-based platform of the Database for Annotation, Visualization and Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov/) for Gene Ontology (GO) enrichment analysis and prediction of TF binding sites. The heatmap of differentially expressed phosphoproteins was constructed using the MultiExperimentView software (version 4.7.3) [40] . Protein-protein interactions were predicted using the STRING database (http://string-db.org/, version 9.0).
Results and discussion
Phosphoprotein identification and quantification
To uncover the mechanisms governing monocyte-to-macrophage differentiation, we measured the global protein phosphorylation changes during early differentiation. As phosphopeptides are normally found at a relatively low abundance in a typical complex protein digest, we enriched for phosphopeptides using a combination of TiO 2 and ERLIC (electrostatic repulsion-hydrophilic interaction chromatography). For phosphopeptide quantification, we adopted a SILAC (stable isotope labeling by amino acids in cell culture) strategy, which is one of most widely used quantitative proteomic approaches ( Figure 1A ).
With this strategy, we identified a total of 1173 phosphorylation sites on 691 phosphoproteins (Table S1 ). Among them, 876 sites had localization scores > 0.75 (with a median of 0.9998); these were classified as group I sites, as described by Olsen et al. [41] ( Figure 1B) . Most of the identified phosphopeptides had a single phosphorylation site, but we also identified some peptides with > 3 sites ( Figure 1C ). The identified phosphorylation sites consisted of 88.1% serine, 9.2% threonine, and 2.6% tyrosine ( Figure 1D ). This distribution Proteomics This article is protected by copyright. All rights reserved.
is similar to the theoretical estimation [42] and results from other high-throughput phosphoproteomic studies [41, 43, 44] , indicating that we obtained a non-biased recovery of the phosphoproteome.
Of the proteins containing group I sites (n = 639), 149 proteins showed site perturbation with a > 2-fold change for at least at one time point; these were considered to be PMA-regulated phosphoproteins (Table S2 ). The remaining 490 phosphoproteins were defined as non- 
CCTB: MLQALS(ph)PK; EIF4EBP1: NS(ph)PVTKT(ph)PPR)
showed conflict results to the SILAC data.
Functional analysis of the phosphoproteome
To gain additional insights into the phosphorylation-related regulation that occurred during the early differentiation of monocytes to macrophages, we used DAVID functional annotation tools to perform GO enrichment analysis of the PMA-regulated and non-regulated phosphoproteins. The top 20 enriched GO terms were plotted versus their enrichment pvalues for the terms cellular components, molecular functions and biological pathways. The pattern was similar between the regulated and non-regulated groups for the cellular component category ( Figure 3A) . In both groups, the enriched GO terms were related to a variety of cellular components, including the cytosol, organelles, nucleus, chromatin, cytoskeleton and membrane. The most significant enrichments included intracellular membrane-bound organelles, non-membrane-bound organelles, cytosol and nucleus.
Interestingly, the extrinsic-to-membrane category was significantly enriched in the regulated www.proteomics-journal.com
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phosphoprotein group but not in the non-regulated phosphoprotein group, suggesting that the phosphorylation of membrane receptors is an important step in initiating the differentiation process in this system. Distinct patterns were observed for the molecular function and biological pathway groups. As shown in Figure 3B , enzyme activators and GTPase regulators were the most significantly enriched categories among the regulated phosphoproteins, whereas RNA binding, nucleotide and nucleoside binding were the top enriched GO terms in the non-regulated group. Rho/Ras guanyl-nucleotide exchange factor activity, which stimulates the exchange of guanyl nucleotides associated with a GTPase, was enriched only in the regulated group. With respect to biological pathway enrichment, the most significant terms for the regulated phosphoproteins were those involved in signal transduction (e.g., intracellular signaling cascades, regulation of Ras proteins and smallGTPase-mediated signal transduction), cytoskeletal organization (e.g., actin cytoskeleton and actin-filament-based processes) and the cell cycle (e.g., cell cycle processes, mitotic cell cycle, chromosomal organization and cell death). The non-regulated group, in contrast, was enriched in categories related to RNA metabolisms (e.g., RNA/mRNA splicing, processing, transport, and localization) ( Figure 3C ).
Phosphorylation-controlled transcriptional regulation
Cell differentiation requires the transcriptional activation of numerous genes, and the binding of TFs to specific regulatory sequences in the genome is essential for gene activation.
Protein phosphorylation often alters a protein's conformation, subcellular localization and/or (in case of TFs) DNA-binding affinity. To identify the key TFs that could be involved in medicating the monocyte-to-macrophage differentiation process, we used a weighted matrixes approach to scan the promoter sequences of the regulated and non-regulated phosphoprotein groups for enrichment of transcription factor binding sites (TFBSs).
Significant enrichments, which were obtained using the UCSC_TFBS option in DAVID (with p-value <0.01), are listed in Supplemental Tables 3 and 4 . Although there were difference in www.proteomics-journal.com
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fold enrichments and significances of the predicted TFBSs, we observed generally similar pattern of TFBSs for both protein groups, indicating that phosphoproteins may play a general regulated role during macrophage differentiation. Many of the TFs identified herein as putative regulators had been previously associated with this differentiation process [11, 20] .
In particular, 22 of the identified TFs are included in a 30-TF core transcriptional network that was previously identified using microarray and RNA sequencing approaches [21] . Moreover, the significances of the TFBSs enriched in our non-regulated phosphoprotein group were very similar to those previously found when changes in gene expression were monitored from 1 h to 48 h after the induction of differentiation, with E2F being the most significantly enriched TF [21] . Although we did not identify any specific regulatory role for this group of proteins during the early differentiation period, our results suggest that they may play a more central role in transcriptional control during the later stages of differentiation process. In the PMA-regulated protein group, STAT1 and MYB were the two top enriched TFs with nearly 10% higher enrichment compared to their level in the non-regulated phosphoprotein group.
Interestingly GO analysis of the STAT1-regulated proteins showed enrichment of regulation of small GTPase signal transduction, protein kinase cascades, regulation of apoptosis and cell death, whereas that for the MYB-regulated proteins showed enrichment for cytoskeletal modeling and small GTPase activity.
STAT1 and MYB are known to play essential roles in cell differentiation [46, 47] , and increased phosphorylation of STAT1 is known to be required for monocyte to macrophage differentiation [48] . Monocyte adhesion during an early stage of differentiation activates STAT1, which subsequently controls the expression level of other genes that are responsible for controlling cell adhesion (e.g., ICAM-1 and FcγRI) [49] . The nuclear translocation of STAT1 via an interaction with nucleolin was shown to be essential during the late stages of monocyte differentiation, but STAT1 phosphorylation was not required for this process [50] .
The MYB family of TFs consists of three members (c-, a-and v-MYB). Downregulation of c-MYB is required for the differentiation of myeloid cells and erythroid leukemia cells [51] [52] [53] , www.proteomics-journal.com
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whereas constitutive expression of c-MYB can block the differentiations of these cells [54] [55] [56] . In our SWATH-MS data, we found increased phosphorylation at the Ser727 residue of STAT1 and decreased phosphorylation at the Ser1163 residue of MYBBP1A (Figure 4 ).
Thus previous studies and our findings indicate that STAT1 and MYB family members may play central roles in regulating monocyte adhesion and cell morphology remodeling during the early stages of the differentiation. This is also consistent with the rapid cell adhesion and morphological changes observed upon the induction of differentiation [57] . Based on the available evidences, we propose that modulating the expression or phosphorylation of STAT1 and MYB family members could represent an effective means for controlling monocyte differentiation and reduce the accumulation of macrophages in inflammatory diseases. Sub-network A contained proteins that are mainly involved in transcription and translation.
The protein network responsible for controlling macrophage differentiation
MTOR (mammalian target of rapamycin) is a serine-threonine kinase that plays a pivotal role in regulating protein translation, the actin cytoskeleton, cell survival and cell growth [58] , and controls the synthesis of the translational machinery by phosphorylating the ribosomal p70S6 kinase and EIF4E-BP [59] . Blockage of mTOR signaling by histone deacetylase inhibitor treatment was reported to trigger noticeable HL-60 cell differentiation [60] , while overexpression of RTP801, a negative regulator of mTOR, is required for the retinoic acidinduced differentiation in U937 cells [61] .
Sub-network B comprises a large group of proteins: CTNNB1 is the central hub, suggesting that it may play a crucial role in monocyte-to-macrophage differentiation. A previous study
showed that stabilization or accumulation of CTNNB1 was sufficient to specify the differentiation of FDB1 cells to macrophages [62] , and CTNNB1 is known to regulate transcription via the canonical Wnt/β-catenin pathway [63] . A number of proteins involved in this pathway have been identified, including TRRAP, which responsible for the transcriptional activation of c-MYC; MEN1, which is involved in DNA repair; and the scaffold proteins, SLC9A3R1, IQGAP1 and LIMA1, which regulate the actin cytoskeleton and may enhance Wnt signaling [64] . CTNNB1 can also form a cadherin/β-catenin complex that can be used to generate adherent junctions, and thus act as a key player connecting cellular adhesion to signal transduction pathways [65] . In the present study, we identified a number of regulatory phosphoproteins that had functions associated with cell adhesion. For example, CD44 (a β-catenin-associated partner) is dephosphorylated at the Ser325 residues. Notably this dephosphorylation is known to increase the binding of ERM proteins to CD44 [66] . TJP2
and ZYX are important components for tight junctions and focal adhesions respectively [67, 68] . Proteomics This article is protected by copyright. All rights reserved.
Sub-network C includes five proteins (ARHGEF1, -6, and -7, GIT1 and NCK1) that are likely to be involved in cell migration, attachment, adhesion and cytoskeletal reorganization.
ARHGEF1, -6 and -7 belong to the Rho GTPase family, whose member act via G protein coupled receptors to play fundamental roles in numerous cellular processes initiated by extracellular stimuli. They form complexes with G proteins and stimulate Rho-dependent signals. ARHGEF1 contributes to the regulation of RhoA GTPase [69] and ARHGEF6 and -7 form a complex with the small GTP binding protein, RAC1, and recruiting it to membrane ruffles and focal adhesion sites. ARHGEF6 determines the podosome size and number in macrophages [70] . Finally, GIT1 and NCK1 can serve as scaffolds for signaling complexes that control vesicle trafficking, cell adhesion and cytoskeletal organization, thereby increasing the speed of cell migration [71, 72] .
Sub-networks D and E both have protein kinases as their central nodes. PRKACA, the hub of sub-network D, confers a broad range of functions by phosphorylating numerous substrates in the cytoplasm and nucleus. It also appears to play roles in the regulation of lipid metabolism and adipocyte differentiation. For example, PRKACA forms a complex with PPARγ, thereby acting as an important regulatory protein for an efficient lipolytic response [73] . Dysregulation of PRKACA results in metabolic perturbation in mutant mice and obese peoples [73] . Activation of PRKACA increases adipogenic differentiation and inhibits osteogenic differentiation under a high-glucose regime [74] , and can directly promote the adipocyte differentiation of human mesenchymal stem cells [75] . Thus, we speculate that PRKACA may play a specific role in regulating lipid metabolism, which is an important component of macrophage differentiation [76] . The p38 (MAKP14; the hub of sub-network E) also plays a central role by phosphorylating ERK2/ERK1, downstream substrates of p38, in a time-dependent manner during the monocyte-to-macrophage differentiation. In addition, p38 MAPK signaling regulates MEF2D during differentiation and cell growth, cell survival and apoptosis [18, 77, 78] . Proteomics This article is protected by copyright. All rights reserved.
Conclusions
Monocyte-to-macrophage differentiation is an intriguing but complex biological process that is coordinately regulated by transcriptional and translational events, post-translational protein modification and protein-protein interactions. Gaining a better understanding of this process will helpfully provide new insights into the developmental differentiation of myeloid cell and tissue homeostasis, and can lead to the identification of new targets in the battles against chronic inflammatory diseases and tumor progression. In this regard, numerous studies have been conducted using either conventional biochemical approaches or genome-wide expression profiling of genes and proteins. To the best of our knowledge, however, this study represents the first temporal phosphoproteome analysis of early phases of the monocyte-to-macrophage differentiation. We used SILAC-based proteomics to identify a large set of phosphoproteins, and then classified them as PMA-regulated or non-regulated proteins during the early phases of differentiation. Many of regulated phosphosites were further verified by the SWATH-MS approach. Several of the identified proteins were members of the protein kinase C family, which were previously shown to play a central role in monocyte-to-macrophage differentiation [79] . This indirectly supports the effectiveness and validity of our approach.
Monocytes differ from macrophages in their morphologies and cellular components. The monocyte-to-macrophage transition is thus accompanied by the synthesis of new molecules and reorganization of the cellular machinery. Interestingly, although active transcription of membrane receptors, signal transducers and extracellular proteins has been observed at late differentiation phases [16] , we found several key transcription factors that must be phosphorylated in order to control transcription were dephosphorylated during the early phase of differentiation. The inferred protein-protein interaction network for the phosphorylated proteins also revealed a general downregulation of transcription, with mTOR Proteomics This article is protected by copyright. All rights reserved.
as a central regulator. Moreover, proteins involved in RNA processing were enriched only in the non-regulated phosphoprotein group, indicating that mRNA translation was inactivated.
In contrast, many proteins involved in cell morphology and cytoskeletal organization seemed to be mainly controlled by phosphorylation in our studied system. Our GO and PPI analyses both identified cytoskeletal-organization related proteins as being significantly represented in the PMA-regulated group (Fig. 3C and 5 ). For example CTNNB was identified as a central regulator of the network. These findings were further supported by our TFBS analysis. A previous report had identified a regulatory network composed of 30 core TFs that controls monocyte-to macrophage differentiation [21] . In the present study, we recovered most of these TFs from both the PMA-regulated and non-regulated phosphoprotein groups. Notably, certain TFs (such as member of the E2F family) were highly enriched in the non-regulatory phosphoprotein group, whereas TFs contribute to controlling cytoskeletal organization and cell adhesion (e.g., STAT1 and MYB) were highly enriched in the PMA-regulated phosphoproteins.
In summary, we herein showed that transcriptional suppression and cytoskeletal reorganization are the two most significant events associated with the early stages of monocyte-to-macrophage differentiation. We also classified several TFs based on their roles in different stages of differentiation.
